Shot Noise of Spin-Decohering Transport in Spin-Orbit Coupled Nanostructures 



O 

o 

> 

O 



Ralitsa L. Dragomirova and Branislav K. Nikolic 
Department of Physics and Astronomy, University of Delaware, Newark, DE 19716-2570, USA 

We generalize the scattering theory of quantum shot noise to include the full spin-density matrix 
of electrons injected from a spin-filtering or ferromagnetic electrode into a quantum-coherent nanos- 
tructure governed by various spin-dependent interactions. This formalism yields the spin-resolved 
shot noise power for different experimental measurement setups — with ferromagnetic source and 
ferromagnetic or normal drain electrodes — whose evaluation for the diffusive multichannel quantum 
wires with the Rashba (SO) spin-orbit coupling shows how spin decoherence and dephasing lead to 
substantial enhancement of charge current fiuctuations (characterized by Fano factors > 1/3). How- 
ever, these processes and the corresponding shot noise increase are suppressed in narrow wires, so 
that charge transport experiments measuring the Fano factor -F't-.n in a ferromagnet/SO-coupled- 
wire/paramagnet setup also quantify the degree of phase-coherence of transported spin — we predict 
a one-to-one correspondence between the magnitude of the spin polarization vector and _F|^||. 
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PACS numbers: 72.70.-|-m, 72.25.Dc, 71.70.Ej, 73.23.-b 



I. INTRODUCTION 

Over the past two decades, the exploration of the 
shot noise accompanying charge flow through mesoscopic 
conductors has become a major tool for gathering in- 
formation about microscopic mechanisms of transport 
and correlations between charges which cannot be ex- 
tracted from traditional conductance measurements ji 
Such nonequilibrium time-dependent fluctuations arise 
due to discreetness of charge, persist down to zero tem- 
perature (in contrast to thermal fluctuations which van- 
ish at r = 0), and require stochasticity induced by either 
quantum-mechanicaP backscattering of electrons within 
a mesoscopic (i.e., smaller than the inelastic scattering 
length'^) conductor or by random injection processes (as 
in the textbook example of Schottky vacuum diode). 

The zero-frequency shot noise power S = 2FI of con- 
ventional unpolarized charge current with average value 
I in two-terminal non-interacting conductors reaches its 
maximum (the Poisson limit) characterized by the Fano 
factor F = I when transport is determined by uncor- 
related stochastic processes. On the other hand, the 
Pauli exclusion principle correlates electron motion and 
suppress the shot noise i^ < 1 of non-interacting carri- 
ers, while electron-electron interactions can also lead to 
super-Poissonian F > 1 noise signatures.^ For example, 
the well-known^ and experimentally confirmed'^ F = 1/3 
universal suppression factor for non-interacting quasipar- 
ticles in two-terminal diffusive conductors is determined 
by the interplay of randomness in quantum-mechanical 
impurity scattering and the Pauli blocking imposed by 
their Fermi statistics. 

In contrast to the wealth of information acquired on 
the shot noise in spin-degenerate transport, it is only 
recently that the study of spin- dependent shot noise 
in fcrromagnet-normal systems^ has been initiated in 
two-terminalii^ and multiterminal structures j ^°i^^'^^ In 
such devices ferromagnetic sources inject spin-polarized 
charge current into a paramagnetic region with interac- 
tions which affect the spin of transported electrons. For 



example, it has been shown that spin-flip scattering can 
substantially increase the shot noise above F = 1/3 in 
diffusive wires attached to two ferromagnetic electrodes 
with antiparallel orientation of their magnetization^ as 
well as in the setup with the ferromagnetic source and a 
normal drain (collecting both spin species) electrodes.— 
Thus, the enhanced shot noise power reveals additional 
sources of current fluctuation when spin degeneracy is 
lifted and particles from spin-f electron subsystem are 
converted into spin-| electrons. The non-conservation 
of particles in each spin subsystem as a source of addi- 
tional noise is quite analogous to more familiar example 
of fluctuations of electromagnetic radiation in random 
optical media due to non-conservation of the number of 
photonSfiS Microscopically, spin-flips are either instanta- 
neous events generated by the collision of electrons with 
magnetic impurities and spin-orbit (SO) dependent scat- 
tering off static disorder,^ or continuous spin precessioii^ 
during electron free propagation in magnetic fields im- 
posed either externally or induced by intrinsic SO cou- 
plings^"' [whose "internal" magnetic field Bint(p) is mo- 
mentum dependent and spin-splits the energy bands] . 

In particular, crucial role played by the SO interactions 
in all-electrical control of spin in semiconductor nanos- 
tructuresi^ has also ignited recent studies of their sig- 
natures on the shot noiseJ^ It has been shown that the 
Rashba SO coupling in a two-dimensional electron gas 
(2DEG) can modulate the Fano factor of the shot noise 
of unpolarized charge current in clean beam splitter de- 
vices J^ Moreover, the Rashba SO interaction is solely re- 
sponsible for the non-zero noisc^^ in ballistic chaotic dots 
by introducing quantum effects into the regime where 
electrons otherwise follow deterministic classical trajec- 
tories characterized by^ F = 0. 

Despite these advances, key questions for the under- 
standing of shot noise in diffusive SO-coupled nanos- 
tructures remain unanswered: What is the connection 
between the Fano factor and the degree of quantum co- 
herence |Pdctcct| of transported spins? How does the shot 
noise depend on the spin polarization vector Pinjoct of in- 



jected current and its direction with respect to Bi„t (p) ? 
The spin polarization vector of the detected currentt^ 
Pdotoct is rotated by coherent precession, as well as 
shrunk < |Pdctoct| < 1 by the D'yakonov-Perel' (DP) 
spin dephasin g™' — ■ due to random changes in Bint(p) af- 
ter electron scatters off impurities or boundaries. Such 
different aspects of spin dynamics could leave distinctive 
signatures on the shot noise.^ 

At low temperatures, where small enough (< f fim) 
conductors become phase-coherent and Pauli blocking 
renders regular injection and collection of charge carriers 
from the bulk electrodes, the scattering theory of quan- 
tum transport provideai^i^ the celebrated formula for the 
shot noise power in terms of the transmission eigenvalues 
T 
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J2t^{i-t^) 



(1) 



where V is the linear response (time-independent) 
bias voltagCii Its physical interpretation is quite 
transparent — in the basis of eigenchannels, which diago- 
nalize tt^ with t being the Landauer-Biittiker transmis- 
sion matrix, a mesoscopic structure can be viewed as a 
parallel circuit of M (= number of transverse propagat- 
ing orbital wave functions in the leads) independent one- 
dimensional conductors, each characterized by the trans- 
mission probability r„. To get the shot noise through 
disordered systems, Eq. ^ has to be averaged^ over a 
proper distribution of r„. However, this standard route 
becomes inapplicable for spin-polarized injection where 
one has to take into account the spin-density matrix of 
injected electronsii and therefore perform the calcula- 
tions in the basis of transverse propagating modes of the 
source electrode- 
Here we address questions posed above by: (i) deriv- 
ing in Sec. |TT] a generalization of the scattering matrix- 
based formulas for the shot noise to include both the 
"direction" of injected spins and the degree of their 
quantum coherence, as encoded into the spin polariza- 
tion vector Pinjcct which specifies the spin density ma- 
trix of the current of quantum-transported electrons^- 
Anject = (1 + Pinjcct ' o-)/2] (ii) explicitly connecting in 
Sees. IIVI the value of the Fano factor in the right elec- 
trode to the degree of quantum coherence of transported 
spin |Pdctcct| extracted from recently developed^^ scat- 
tering approach to its spin density matrix. This formal- 



ism is applied to Rashba SO coupled quantum wires of 
different widths (where confinement affects the degree 
of transported spin coherence^S) introduced in Sec. IHIl 
and its principal results are contrasted with related spin- 
dependent shot noise studies in two-terminal setups in 
Sec. El We conclude in Sec. Ell 

II. SCATTERING APPROACH TO 
SPIN-DEPENDENT SHOT NOISE 

The analysis of the spin-dependent shot noise requires 
to evaluate correlations between spin-resolved charge cur- 
rents I^ and /^ due to the flow of spin-f and spin-| elec- 
trons through the terminals of a nanostructure^ 






{t-t') = -{5il{t)5Fp{t') 



sr;{t')di:it)). (2) 



Here I^{t) is the quantum-mechanical operator of the 
spin-resolved (u =t, ].) charge current in lead a, 5Ia{t) = 
Ia{t) — {Ia{t)), and (...) stands for both quantum- 
mechanical and statistical averaging over the states in the 
macroscopic reservoirs to which a mesoscopic conductor 
is attached via semi- infinite interaction- free leads. The 
spin-resolved noise power between terminals a and (3 is 
(conventionally defined^ as twice) the Fourier transform 
of Eq. @, 5-^'(co) ^ Jdit- i')e-^-(*-*')5-^'(t - t'). 
The noise power of the total charge current la = ll.+ la 
is then given by Sapicj) = Sll{uj) + S^^^icj) + 5^^(tj) + 

S'aU^)- 

The scattering theory of quantum transport gives for 
the operator of spin-resolved charge current of spin-a 
electrons flowing through terminal a 

M „ „ 



bll{E)b'J,^{E')] 



(3) 



where the operator a„|j {E) [a^„ {E)] creates [annihilates] 
incoming electrons in lead a which have energy E, spin-tr, 
and orbital part of their wave function is the transverse 
propagating mode \n). Similarly, 6^Jj, 6J^„ denote spin-cr 
electrons in the outgoing states. Using this expression 
in Eq. ([2]), and taking its Fourier transform, yields the 
following formula for the spin-resolved noise power spec- 
trum 



Sl'p i^) = ^j dEj2 E Tr [a^^;, {a,cT,E,E + ;^) A^',^ ip,a' ,E + hw,E) 

7,7'P:P'=T,i 



x{mE)[l - Z {E + f^)] + E (E + hLo)[l- fPiE)]}, 



(4) 



where fl!.{E) is the Fermi function in lead 7 kept at temperature T^ and spin-dependent chemical potential /iij of 



spin-p electrons (p —1, J,). The Biittiker's current matrijii^ A'g' (a, a, E, E'), whose elements are 



[A'ina,a,E,E') 



= S„ 



.5p^5^^5^P5^p' - ^K^t(^)]^^^[gV(^')]^,,^^ 



(5) 



is now generalized to include explicitly spin degrees of freedom through the spin-resolved scattering matrix connecting 
operators al^^^E) and b^n{E) via b^,^{E) = J2[3ml^a'0]nm{E)a'^^{E). In the zero-temperature limit the thermal 
(Johnson-Nyquist) contribution to the noise vanishes and the Fermi function becomes a step function f^{E) = 
9{E — /i^). Evaluation of Eq. (|4]) for the zero-temperature and zero-frequency limit, S^p = S^% {lu ~ 0,T = 0), in 
the left lead a = 2 = /3 of a two-terminal mesoscopic device yields our principal result — the scattering theory formula 
for the shot noise arising in the course of propagation of spin-polarized current through a region with spin-dependent 
interactions: 
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Here the elements of the transmission matrix tjf , which 
is a block of the full scattering matrix, determine the 
probability |[t2f ]nmP for spin-cr' electron incident in 
lead 1 in the orbital conducting channel \m) to be trans- 
mitted to lead 2 as spin-c electron in channel \n). The 
direction of the spin-polarization vector of injected elec- 
trons selects the spin-quantization axis for |, |, while 
its magnitude quantifies the degree of spin polarization 
which was introduced into Eq. (J4]) via the spin-dependent 
electrochemical potentials in the injecting (left) lead,— 
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|Pdetoct|)- In the collecting (right) lead the chemical po- 
tentials for both spin-species are the same fJ-l — 1^2 ^ ^f^ 
where Ep is the Fermi energy. For instance, injec- 
tion of fully spin-| polarized current |Pinjcct| = 1 from 
the left lead (e.g., made of half- metallic ferromagnet) 
means that there is no voltage drop for spin-| electrons 
m = f^2 = ^Fy so that they do not contribute to trans- 
port. 



Equations ([S]), together with the expressions for av- 
erage spin-resolved currents collected in the right lead. 
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define the Fano factors for parallel and antiparallel spin 
valve setups, 
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These equations straightforwardly also yield the Fano 
factor for a ferromagnet/Rashba-wire/paramagnet con- 
figuration 



F, 



T^Ti 



*S'22(|Pinject 



= 1) 



2e/2(|P 



(10) 



inject 



where I2 



rT 



/o is the sum of both spin-resolved cur- 



rents collected in the right paramagnetic lead. Here the 
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FIG. 1; (Color online) Panels (a) and (b) show the Fano factor vs. the spin precession length Lso for different two-terminal 
setups where 100% spin-| polarized charge current is injected from the source electrode (e.g., half-metallic ferromagnet) into 
a diffusive Rashba SO-coupled wire and spin-resolved charge currents 7^ (top), l^ (middle), or both V -I- l^ (bottom), are 
collected in the drain electrode. Panel (c) shows the corresponding decay of the degree of phase-coherence of transported spin, 
as quantified by the magnitude of the Bloch vector of charge current, which is |Pinject| = 1 (signifying fully coherent pure spin 
state) in the left lead and pointing along the 2-axis in (a) and the y-axis in (b). For fixed L and Lso, the decay of |Pdotcct| 
is suppressed in narrow wires [panel (d)], which establishes a one-to-one correspondence between the Fano factor -F"t-.ti and 
|PdctGct| [panel (e)]. Note that the Fano factors attaining universal valued ^T^T ~ ^T^Ti = 1/3 in the limit of zero SO 
coupling L/Lso —> demonstrate that our wires are in the diffusive transport regime for selected disorder strengths. 



spin-resolved two-terminal conductances are given by the 
Landauer-type formula 



III. SHOT NOISE IN DIFFUSIVE RASHBA 
SO-COUPLED WIRES 
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(11) 



The consequences of the scattering theory expressions, 
Eq. ([6]) and Eq. ([7]), can be worked out either by analyt- 
ical means (such as the random matrix theory'* applica- 
ble for— L -C Lso, or by matching the wave functions 
across single- or at most two-channel structures'^) or by 
numerically exact real(8)spin space Green functionsi^ em- 
ployed here to take as an input the microscopic Hamil- 
tonian Eq. P^ of both weekly {L <C iso) and strongly 
{L > Lgo) SO-coupled multichannel nanostructure. The 
central quantity of this formalism is the retarded Green 
function of the scattering region G"" — [E—Hopcn]~^ asso- 



ciated with the Hamiltonian i/opcn = H 



^r,T 



-^r,-\ 



±-^ 



Sj of Ihs open system where (non-Hermitian) 
retarded self-energies SJ^''^ introduced by the interaction 
with the leads determine escape rates of spin-a electrons 
into the electrodes. The retarded Green functions yields 
the spin-resolved transmission matrix through 



''21 



= 2A/-IniS; 



GS 



— ImE^'' 



(12) 



For simplicity, we assume that J^^'^ = S'''^, which ex- 
perimentally corresponds to identical conditions for the 
injection of both spin species. 



We focus on quantum wires realized using 2DEG with 
the Rashba SO coupling-^^ generated by structural in- 
version asymmetry of the semiconductor heterostructure 
hosting the 2DEG in the ccy-plane. They are described 
by the effective mass Hamiltonian 
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Pl+fy a ^ 



-Kc 



ifiiiemcnt 



(y) + v;iisordor(a;,y)- 
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Its "internal" magnetic field Bint(p) — — (2a/(?/iB)(p x 
z) {z is the unit vector orthogonal to 2DEG) is nearly 
parallel to the transverse y-axis. Therefore, the injected 
z-axis polarized spins are precessing within the wires, 
while the y-axis polarized spins are in the eigenstates 
of the corresponding Zeeman term and do not precessJ^ 
This leads to a difference in the shot noise when changing 
the spin-polarization vector of the injected current in the 
"polarizer-analyzer" scheme in the top and middle panels 
of Figs. [Ha) andmb). 

Moreover, in both cases and within the asymptotic 
limit L ^ Lso, where L is the wire length and Lso 
is the spin precession length, we find the shot noise in- 
crease above the universal Fano factor F = 1/3 for all 
three measurement geometries: 

• spin valves with parallel magnetization of the elec- 
trodes where f-electrons injected from the left lead 



and |-electrons collected in the right lead- 
ation described by the Fano factor i^|-,|, 



-a situ- 



(a) 



• spin valves with antiparallel magnetization of the 
electrodes where t-electrons injected through a per- 
fect Ohmic contact and |-electrons collected, as de- 
scribed by the Fano factor F-^^^, 

• a setup with only one spin-selective electrode where 
t-electrons are injected and both f- and |-electrons 
are collected in the normal drain electrode, as de- 
scribed the Fano factor i^|_+||. 

Note that on the L^o — irti^ / {2m* a) length scale spin 
precesses by an angle n (i.e., the state |t) evolves into ||)), 
which in weakly disordered bulk systems also plays the 
role of characteristic length scale for the exponentially de- 
caying spin-polarization in the DP spin dephasingj ^^'^^i^^ 
However, the asymptotic values^-* of the correspond- 
ing Fano factors Fa^a'{L > Lso,W) > F|^||(i > 
Lso,W) > 1/3 are decreasing in narrow wires^*' of 
the width W ^ Lso because DP spin dephasing can 
be suppressed by transverse confinement J^ii^iSSii^ Thus, 
Fig. [IJe) demonstrates an exciting possibility for a novel 
experimental tool to quantify phase coherence of trans- 
ported spin via purely electrical means where measure- 
ment of the Fano factor i^i^f j. does not require any de- 
manding spin selective detection in the right lead. 

For very small SO coupling and, therefore, large 
Lso — > cxo, the Fano factors F|^| and -Ff^fx start 
from the universal value F — 1/3 characterizing the dif- 
fusive unpolarized transport, and then increase toward 
their asymptotic values, F|_»-f(i :^ Lso) ~ F^-,i{L :s> 
Lso) — 0.7 and F|_||(L :§> Lso) — 0.55. Such enhance- 
ment of the spin-dependent shot noise is due to spin deco- 
herence and dephasing processes in SO-coupled structures 
that are reducing the off-diagonal elements of the current 
spin-density matrijsii pc- Note that in these setups, the 
initial p^ — pc describes pure injected spin states from 
the left lead. However, these asymptotic Fano factor val- 
ues are lowered in narrow wires where transverse confine- 
ment slows down the DP spin relaxation in the picture of 
semiclassical spin diffusion, -'^^ or reduces the size of the 
"environment" of orbital conducting channels (i.e., their 
number) to which the spin can entangle in fully quantum 
transport pictureii employed to obtain |Pdotoct| vs. wire 
width W (at constant length L and the Rashba SO cou- 
pling strength) in Fig.[TJd). The geometrical confinement 
effects on spin coherence, which might be essential for the 
realization of all- electrical semiconductor spintronic de- 
vices^^ where spin is envisaged to be manipulated via 
SO couplings while avoiding their detrimental dephasing 
effects^ have been confirmed in recent optical spin de- 
tection experiments.^*^ 

The shot noise in the antiparallel configuration reaches 
the full Poissonian value F|^|(L <C Lso) — 1 in the 
limit of small SO coupling since the probability that the 
spin state which has huge overlap with |f ) can enter into 
the right electrode with empty spin-| states is minus- 
cule. This leads to the tunneling-typeiii of shot noise 
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FIG. 2: (Color online) Fano factor as the function of SO cou- 
pling strength L/ Lso and |Pinject| for a two-terminal measur- 
ing setup where partially spin-polarized current [comprised of 
electrons with the Bloch vector Pinjcct = (0, 0, P)\ is injected 
from the source ideal lead into a diffusive Rashba SO-coupled 
wire and charge current of both spins /^ -I- I^ is collected by 
the spin-nonselective drain lead. In panel (a) the wire length 
L and width W are the same W/ L = 1, while panel (b) plots 
-/^(o.o.p)^!! i'^ narrow wires W/L — 0.1. Note that limiting 
curves extracted for |Piiijcct| ~ 1 correspond to the bottom 
panel in Fig. [ija) . 



where electrons propagate independently and without be- 
ing correlated by the Fermi statistics. In the asymptotic 
limit L 3> Lsoi injected spins loose their memory on a 
very short length scale so that _Ff^j^(L ^ ^so) acquires 
the same asymptotic value as F'^^^{L ^ Lso)- 

Since present spintronic experiments are usually con- 
ducted by injecting partially spin-polarized charge cur- 
rents I Pinjcct I < 1, we employ our general formulas Eq. ^ 
to obtain the Fano factor 



F 



(o,o,P)^Ti 



g22[Pinjcct^(0,0,P)] 
2e/2[Pinjcct = (0,0,P)]^ 



(14) 



which represents a generalization of P-f-»-f j, to character- 
ize the shot noise in an experimental setup where par- 
tially polarized (along the z-axis) electrons are injected 
from the left lead while both spin species are collected 



in the right lead. Figure 3 suggests that additional shot 
noise F(o^o,p)^tJ. -^ ^/'^ should be observable even for 
small polarization of injected current |Pinjoct| = P ^ 
20%, in both wide and narrow SO coupled wires. 



IV. FANO FACTOR AS QUANTIFIER OF 
TRANSPORTED SPIN COHERENCE 

To understand the evolution of quantum coherence of 
transported spin, we use fully quantum transport formal- 
isntii which treats both the spin and orbital dynamics 
phase coherently. This allows us to obtain the spin den- 
sity matrix of charge current in the right lead in terms 
of the same spin-resolved transmission matrix t2f used 
to obtain the spin-resolved shot noise power S22 ■ Note 
that traditional description of DP spin dephasing treats 



charge propagation semiclassically while the dynamics of 
its spin is described via quantum evolution of the spin 
density matrix.— 

For example, if a spin-t polarized electron is injected 
from the left lead through a conducting channel |in) = 
|m) (g) I f), a pure state emerging in the right lead is de- 
scribed by the linear combination of the outgoing chan- 
nels, |out) = X]ncr[^2i]nml"-) ® l'^)' Such non-separable 
state encodes entanglement of spin to orbital conducting 
channels, which is the source of spin decoherenc(?^ since 
the spin density matrix obtained by tracing over the or- 
bital transverse propagating states \n) in the right lead 
will have the Bloch vector [Pdetcct] < 1- Further decrease 
in the value of |Pdctect| is generated by spin dephasina^ 
due to averaging over all orbital incoming channels \m) 
to produce the final spin density matrix of the detected 
charge current in the right leadi^ 
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(1 + Pdetcct ■ 0-) , 



(15) 



and experimentally measurable Bloch vector Pdetcct as- 
sociated with it. As demonstrated in Fig. [H^c), in nar- 
row wires quantum coherence of transported spin mea- 
sured by the Bloch vector | Pdetcct | extracted from Pdctcct 
in Eq. (jlSp remains close to one for L < Lso- The 
preservation of quantum coherence also allows for spin- 
interference signatures to become visible in the shot noise 
of Fig. [IJa) as "Rabi oscillations" of the Fano factor be- 
tween Fcr^a' = 1/3 and Fc^^a' = 1 on the igo-scale. 



V. DISCUSSION 



m 



The phenomenological model of Ref. 8, characterized 
by the spin-relaxation length Lg (which in the bulk SO 
coupled systems with weak disorder is identica l -^^'^^ to 
the spin precession length Lso), finds F|^||(L :s> Lg) = 
2/3. This in contrast to our F^^^iiL :^ Lso) = 
0.55 governed by the parameters of microscopic Rashba 
Hamiltonian where further reduction of i^|^||(L ^ 
Lg) < 0.55 is induced by the geometrical confinement 
effects increasing spin coherence. 

As regards the spin-valve setups, the semislassical 
(Boltzmann-Langevine) approach to spin-dependent shot 
noise employed in Ref. predicts Fano factors F|^|(L ^ 
Lg) = F^-,i{L ^ Lg) = 1/3 for arbitrary microscopic 
spin relaxation processes within the normal region, while 
we find F^_^{L > Lso) = F^^iiL > Lso) - 0.7 for 
(wide) Rashba SO coupled wires. Furthermore, oscilla- 
tory behavior of the Fano factor versus L/Lso exhibited 
in our Fig. [1] especially conspicuous when quantum co- 



herence of (partially coherent < |P| < 1) spin is in- 
creased in narrow wires, can emerge from approach of 
Ref. [tI where spin dynamics is characterized only by Lg 
(being much larger than mean free path with no restric- 
tions imposed on its relation to the system size) rather 
than by the full spin density matrix. 

To elucidate the source of these apparent discrepan- 
cies, we provide in Fig. [3] detailed microscopic picture of 
auto- and cross-correlations between spin resolved cur- 
rents, as well as of spin-resolved conductances, which de- 
fine our Fano factors at different SO coupling strengths 
L/Lso- It is obvious oscillations of both S'Jf and Gjf 
due to partially coherent spin precession, visible as long 
as |P| > 0, can be captured only through fully quantum 
treatment of both spin dynamics and charge propagation 
(where spin memory between successive scattering events 
is taken accountS^). As regards the asymptotic values 
F|^l(L :s> Lso), this is determined by the shot noise 

t T . • • • 

^22 that is similar in both L ^ Lso and L ^ Lso lim- 
its, as well as by the current /J = G2}T^(L :$> Lso) being 
half of its value at vanishing SO coupling L/Lso ^ 
[Fig. [31(b), (e)]. This is due to the fact that at the exit of 
normal region with L/Lso ^ 1 charge current is unpo- 
larized so that one of its spin subsystems if completely 
refiected from the detecting spin-selective ("analyzer") 
electrode. 

Figure [3] also reveals that unpolarized charge current 
fiowing out of the Rashba SO coupled region, after in- 
jected fully spin-polarized current was completely de- 
phased |P|detect = along the Rashba wire, still con- 
tains non-trivial cross-correlations between spin-resolved 
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FIG. 3: (Color online) Zero-frequency spin-resolved shot noise power S22 [panels (a), (d)] and spin-resolved conductances G21 
[panels (b), (e)], which determined different Fano factors in Fig. [l] for current detected in the right lead after the injection 
of spin-polarized (along the z-axis) charge current from the left lead into the diffusive wire with the Rashba SO coupling of 
strength L/Lso- The quantum wire is wide in panels (a), (b) and narrow in panels (d), (e). The inset in panel (b) shows weak 
antilocalization enhanced detected current in the right lead I2 = I^ + I^ of ferromagnet/SO-coupled-wire/paramagnet setup. 
The spin- resolved noise for unpolarized current injection is shown in panels (e) and (f), whose sums give limiting curves (for 
[Pinjoctl =0) in Fig. H 



currents, as encoded in 6*22 = S*, 



:Ti 



:iT 



'S'22 ='^'22 < our Fano factor F^- 



^ 0. They reduce 
.ti(i » L,) = 0.55 



below Ff^-f|(L ^ Lg) = 2/3 of Ref. 8 (which we get ap- 
proximately if we characterize the shot noise in the right 



lead only with S^^ + S^^) 



Al\ 



VI. CONCLUDING REMARKS 

In conclusion, we have derived a scattering theory for- 
mula for the shot noise of charge and spin currents which 
takes as an input the degree of quantum coherence of in- 
jected spins |Pinject|- The application of this formalism to 
two-terminal multichannel diffusive quantum wires with 
the Rashba SO coupling unveils how spin decoherence 
and spin-dephasing processes are essential for the dra- 
matic enhancement of the shot noise of charge current in 



8 



spin-dependent transport. That is, in narrow wires where 
the loss of spin coherence is suppressed and |Pdetoct| de- 
cays much slower [Fig. [Hc),(d)] than in bulk systems, 
the enhancement of the Fano factor (above F — 1/3 of 
spin-degenerate diffusive transport'^) in the strong SO 
coupling regime L ^ Lso inducing fast spin dynamics 
within the wire is reduced. This occurs despite the fact 
that partially coherent < |PdGtoct| < 1 spin state con- 
tinues to "flip" , but through (partially coherent^-^) spin 
precession. To obtain the Fano factor of charge currents 
comprised of partially coherent spins requires to treat 
both charge propagation and spin dynamics quantum 
mechanically, as suggested by spin resolved shot noises 
and conductances in Fig. [3] (which cannot be reproduced 
by semiclassical approaches to spin-dependent shot noise 
where spin dynamics is captured only through generic 



spin-flip length^). Finally, a remarkable one-to-one cor- 
respondence between the values of -F|^-fx and the de- 
gree of quantum coherence |Pdctcct| that we predict in 
Fig. [TJe) offers exciting possibility to measure the co- 
herence properties of transported spin in a purely charge 
transport experiment on an open SO-coupled structure, 
thereby offering an all- electrical alternative to currently 
employed optical tools to probe transport of spin coher- 
ence in semiconductors.— 
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